S
urgery, radiation therapy, and/or chemotherapy are the mainstays of treatment of head and neck cancer. 1 The examination of patients with head and neck cancer after treatment poses special problems. After surgery, normal anatomic structures can be extensively distorted. The use of radiation therapy renders physical examination, CT, and MR imaging unreliable because of the edema and fibrosis that are often present after treatment. Biopsy is often necessary, but the results of histopathologic specimens can be inaccurate because of sampling errors. [2] [3] [4] [5] Diffusion-weighted MR imaging is based on the diffusion motion of water protons in the tissues. When measuring molecular motion with diffusion-weighted MR imaging, only the apparent diffusion coefficient (ADC) can be calculated. 6, 7 ADC values are expected to vary according to the microstructures or pathophysiologic states of the tissues, and they can be calculated by measuring signal intensities in a series of diffusion-weighted MR images by using different b-values. 7, 8 Diffusion-weighted MR imaging has been successfully used in the diagnosis of many disorders of the central nervous system, 6 liver, 9 and bone marrow. 10 Promising results have also been achieved for differentiation between residual or recurrent tumors and postradiation or postsurgical changes in soft tissues 11 and the brain. 12 Recent advances in echo-planar technique have permitted the clinical use of diffusionweighted MR imaging in the head and neck. 7, 13, 14 The aim of this study was to evaluate the role of diffusion-weighted MR imaging in differentiating residual or recurrent head and neck tumor from postoperative or postradiation changes.
Materials and Methods
This prospective study was performed on 32 consecutive patients (24 men and 8 women aged 45-71 years; mean age, 58 years) after surgical resection and/or radiation therapy who were suspected to have residual or recurrent tumor of the head and neck. They were prospectively evaluated with MR imaging including diffusion-weighted MR imaging. Patients were referred from the follow-up clinic of the radiation therapy and oncology department at our hospital. Patients were evaluated because of recurrence of symptoms (n ϭ 20) or abnormal physical examination findings during routine follow-up (n ϭ 12). The approval of the institutional review board was obtained, and a written consent was obtained from all of the patients. Pathology of primary tumors included the following: squamous cell carcinoma (n ϭ 20), mucoepidermoid carcinoma (n ϭ 2), adenoid cystic carcinoma (n ϭ 2), adenocarcinoma (n ϭ 3), oncocytic adenocarcinoma (n ϭ 2), and sarcoma (n ϭ 3). These tumors were located as follows: nasopharynx (n ϭ 8), oropharynx (n ϭ 4), larynx (n ϭ 4), paranasal sinuses and nasal cavity (n ϭ 8), salivary glands (n ϭ 6), skull base (n ϭ 1), and cheek (n ϭ 1). These lesions were treated with surgery alone in 3 patients, radiation therapy alone in 13 patients, or both surgery and radiation therapy in the remaining 16 patients. The total radiation dose ranged from 60 to 70 Gy given by conventional fractionation (1.8 -2.0 Gy per fraction), with 5 fractions per week over 6 -7.5 weeks. The filed arrangement varied according to the site of the primary lesions. The size of the irradiated fields was chosen according to the extension of the tumor, stage, and probability of lymphatic spread. The lower neck and supraclavicular fossa were usually treated with single anterior filed to 50 Gy per given dose, with 2 Gy daily fractions, given over 5 weeks. Megavoltage irradiation with 6 -10 megavoltage photons was used. MR examinations were done within a period of 4 -14 months after treatment.
All of the MR studies were performed with a 1.5 T MR machine (Symphony; Siemens Medical Systems, Erlangen, Germany) by using a head and/or neck circular polarization surface coil. All of the patients underwent T1-weighted images (T1WIs; TR/TE of 800/15 ms) and T2-weighted fast spin-echo images (TR/TE of 4500/80 ms) with a section thickness of 5 mm, an intersection gap of 1-2 mm, an FOV of 23 ϫ 23 cm, and an acquisition matrix of 224 ϫ 256.
Diffusion-weighted MR images were obtained by using a multisection spin-echo single-shot echo-planar imaging (EPI) sequence. An average of ϳ15 sections was obtained in the axial plane covering the area of interest. Imaging parameters were as follows: TR/TE of 10,000/108 ms, FOV of 23 ϫ 23 cm, an acquisition matrix of 128 ϫ 128, and section thickness of 5 mm with an intersection gap of 1-2 mm. Diffusion-probing gradients were applied in the 3 orthogonal directions (X, Y, and Z) with the same strength. Diffusion-weighted MR images were acquired with diffusion-weighted factor, factor b, of 0 and 1000 s/mm 2 , and ADC maps were generated for all of the images. Scanning time was Ͻ1 minute. Finally, postcontrast T1WIs (TR/TE of 800/15 ms) were obtained after an intravenous bolus injection of 0.2 mL/kg of body weight of gadopentetate dimeglumine (Magnevist; Schering, Berlin, Germany) in all of the patients. The quality of the diffusion-weighted MR images was evaluated by the 3 radiologists sharing in the study, and it was determined by consensus whether they were acceptable for further analysis. Special attention was paid to image distortion by susceptibility artifacts. A qualitative and quantitative analysis of the diffusion-weighted MR images was made. Two radiologists were asked, independently, to subjectively assess the signal intensity of the areas of suspicion on the diffusion-weighted MR images and the ADC maps and to grade it as low, high, or mixed signal intensity. The third radiologist measured the ADC of the suspicious areas by using an electronic cursor to define region of interest (ROI).
An ROI was placed around the margin of the suspicious area, and the ADC value was measured (Fig 1) . When heterogeneity in signal intensity was observed, macrocystic regions were excluded, and multiple small ROIs were placed within the cross-section of the suspicious area with calculation of the mean ADC value. Similarly, the routine MR images (T1WI, T2WI, and postcontrast T1WI) were evaluated by the 3 radiologists independently for evidence of residual or recurrent tumor versus posttreatment changes. Signs suggestive of recurrence on routine MR imaging were areas of T2 prolongation, variable mass effect, and enhancement after the administration of gadolinium-diethylene-triaminepentaacetic acid. None of the 3 radiologists was aware of the location of the primary tumor, its histologic type, clinical stage, or the results of any recent biopsy, if taken, at the time of analysis of the MR studies. The analysis of diffusion-weighted images was done at the same time with routine MR.
The final diagnosis in our study was confirmed by biopsy in all of the patients. Biopsy was done for all of the patients after MR imaging. The selection of the site of biopsy was guided by the findings on conventional and diffusion-weighted MR imaging. The surgeons selected the biopsy site after discussing the MR findings with the radiologists. Biopsy was done by surgical biopsy in 14 cases, core biopsy in 11 patients, and fine needle aspiration biopsy in 7 patients. When there was suspicion of more than one pathologic condition, multiple biopsies were taken from the suspicious sites. The time delay between the biopsy and diffusion MR study varied between 7 and 13 days. The specimens were interpreted by 1 pathologist experienced in head and neck.
The mean ADC values of residual or recurrent tumors and posttreatment changes were compared by using the Mann-Whitney test. SPSS statistical software package, version 9 (SPSS, Chicago, Ill), was used for calculations. A P Ͻ .05 was considered statistically significant. We used a receiver operating characteristic curve to evaluate the diagnostic capability of the ADC value for differentiation of residual or recurrent head and neck tumor from postoperative or postradiation changes. We determined a threshold of ADC value, with which the highest accuracy was obtained for discriminating residual or recurrent head and neck tumors from postoperative or postradiation changes.
Results
The studies of 2 patients (6.2%) showed marked susceptibility artifacts and distortion of the diffusion-weighted MR images obtained with b factor of 1000 s/mm 2 . These 2 cases were, therefore, excluded from the study. They included 1 (12.5%) of the 8 lesions in the region of the paranasal sinuses and nasal cavity and 1 (25%) of the 4 lesions in the region of the larynx. Adequate diffusion-weighted MR images were obtained in the other 30 patients. Table 1 outlines the location and method of treatment of these 30 patients. The final diagnosis in the 30 patients who qualified for the study was residual or recurrent tumor in 19 patients and posttreatment changes in 11 patients.
Using routine MR imaging (T1WI, T2WI, and postcon- (Table 2 ). These lesions, with the exception of 2 lesions, appeared as areas of low signal intensity on the ADC map (Figs 2-4). Two residual lesions exhibited relatively high signal intensity on the corresponding ADC map. The smallest size of recurrent tumor detected in this study was 1.5 cm.
Two patients with recurrent squamous cell carcinoma of the nasopharynx and oropharynx showed enlarged ipsilateral cervical lymph nodes, which showed a low ADC value close to that of the primary lesion (Fig 4) . The mean ADC value of metastatic lymph node was 1.05 Ϯ 0.20 ϫ 10 Ϫ3 mm 2 /s. In another patient with recurrent adenoid cystic carcinoma of the maxillary sinus, diffusion-weighted MR imaging detected bone marrow infiltration as an expanded greater wing of sphenoid with area of low signal intensity and low ADC value (0.84 Ϯ 0.30 ϫ 10 Ϫ3 mm 2 /s) on the ADC map (Fig 5) . The mean ADC values noted in the 11 patients with posttreatment changes ranged from 1. Table 2 ). Posttherapeutic soft tissue changes appeared, except in 3 cases, as areas of high signal intensity on the ADC map and showed significant loss of their signal intensity on the diffusion-weighted MR images obtained at b factor of 1000 s/mm 2 ( Fig 6) . In 3 patients, postradiation changes showed only mild loss of signal intensity on the diffusion-weighted MR images obtained with b factor of 1000 s/mm 2 and appeared as areas of low/mixed signal intensity on the ADC map (Fig 7) . A, Axial T2WI, shown as ill defined, is seen at the site of the right parotid region after surgical resection and irradiation.
B, Axial postcontrast T1WI shows the inhomogenous pattern of enhancement. Recurrence could not be excluded.
C, ADC map shows low signal intensity at the site of the lesion with a mean ADC value of 1.07 Ϯ 0.18 ϫ 10 Ϫ3 mm 2 /s. Biopsy revealed recurrent tumor. The difference between ADC values of recurrent tumor and postoperative or postradiation changes was statistically significant (P Ͻ .001). Figure 8 shows a box and whisker plot of the mean ADC values for both groups of pathology. Despite the statistical difference between the mean values of both groups, the plot reveals a relatively broad range of overlapping values in ADC measurements. When an ADC value of 1.30 ϫ 10 Ϫ3 mm 2 /s was used for differentiating tumor recurrence from treatment-induced changes, the highest accuracy of 87% was obtained, with 84% sensitivity, 90% specificity, 94% positive predictive value, and 76% negative predictive value (Table 3).
Discussion
Treatment options for malignant tumors of the head and neck include surgery and radiation therapy, alone or in combination. Both treatment modalities can produce edema, fibrousinflammatory reaction, and scarring of the adjacent normal soft tissues. 2, 15 On routine MR imaging, residual or recurrent lesions and treatment-induced changes show similar imaging 
A, Axial T2WI shows an ill-defined irregular mass of inhomogeneous signal intensity involving the right side of the oropharynx. An enlarged cervical lymph node (arrow) with inhomogeneous high signal intensity is also noted at the right side of the neck.
B, ADC map shows low signal intensity of both the lesion and the lymph node with a mean ADC value of 1.20 Ϯ 0.22 ϫ 10 Ϫ3 mm 2 /s and 1.05 Ϯ 0.20 ϫ 10 Ϫ3 mm 2 /s, respectively, suggestive of tumor recurrence with metastatic lymph nodes. This was proved by biopsy.
Fig 5. Bone marrow infiltration.
A, Axial T2-weighted MR image shows an ill-defined inhomogeneous signal intensity involving the right greater wing of the sphenoid bone.
B, ADC map shows low signal intensity at this region with a mean ADC value of 0.84 Ϯ 0.30 ϫ 10 Ϫ3 mm 2 /s, suggestive of tumor infiltration, which was proved on bone marrow biopsy.
Fig 6. Posttreatment changes after surgery and radiation therapy.
A, Axial postcontrast T1WI shows an ill-defined, mildly enhancing mass at the region of the ethmoidal sinuses. Recurrence was suspected.
B, ADC map shows high signal intensity at the site of the lesion denoting posttreatment fibrous tissue, which was proved by biopsy. The mean ADC value at the site of the posttreatment changes was 1.89 Ϯ 0.19 ϫ 10 Ϫ3 mm 2 /s.
Fig 7. Posttreatment changes after surgery and radiation therapy.
A, Axial postcontrast T1WI shows a small ill-defined enhancing lesion at the site of the right parotid gland after surgical resection and irradiation. Recurrence could not be differentiated from posttreatment changes.
B, ADC map shows low signal intensity at the site of the lesion with a mean ADC value of 1.07 Ϯ 0.18 ϫ 10 Ϫ3 mm 2 /s. Biopsy revealed only attenuated fibrous tissue with no tumor cells. characteristics and are, therefore, difficult to distinguish. These characteristics include proximity to the tumor site; areas of T2 prolongation that may represent variable degrees of edema, fibrous-inflammatory reaction, or neoplasm; enhancement after the administration of gadolinium-diethylene-triaminepentaacetic acid; and variable degrees of mass effect. Areas of abnormal enhancement are considered particularly worrisome for residual or recurrent tumors. Some residual or recurrent lesions do not enhance after contrast administration, making them indistinguishable from other posttreatment changes. 12, 15, 16 Diffusion-weighted MR imaging uses strong magnetic field gradients to make the MR imaging signal sensitive to the molecular motion of water. The information provided reflects the viability and structure of tissue on a cellular level. The ability of diffusion-weighted MR imaging to probe the intracellular milieu led to the current strong belief that diffusion-weighted MR imaging and ADC measurement could distinguish neoplastic from nonneoplastic tissue necrosis. 11 Baur et al 11 evaluated the value of diffusion-weighted MR imaging in the differentiation of recurrent soft tissue tumors of the musculoskeletal system from radiation-induced changes. Herneth et al 17 used ADC measurement for the same purpose in a squamous cell carcinoma tumor model in animals. Hein et al 12 found a statistically significant difference between the ADC value of recurrent brain tumors and treatment-induced changes. The present study, to the best of our knowledge, is the first report on the value of diffusion-weighted MR imaging for differentiating residual or recurrent head and neck tumors from posttreatment changes.
Diffusion-weighted echo-planar pulse sequence is the sequence of choice for the quantitative study of diffusion, because the diffusion and relaxation effects contribute separately to the MR signal intensity and can be easily separated. 18 Furthermore, EPI is a very fast technique that enables data acquisition, with different b-values, within a reasonably short time. The main trade-off of the EPI pulse sequence is that it is very sensitive to magnetic susceptibility effects, resulting in geometric distortion artifacts that tend to be more severe with increasing b values. 6, 18, 19 Two (6.2%) of our studies showed marked distortion and susceptibility artifacts and were, therefore, excluded from the final analysis. They included 12.5% of the studies at the paranasal sinus region and 25% of the studies at the region of the larynx. Wang et al, 7 using a diffusionweighted echo-planar pulse sequence similar to that used in our study, reported marked susceptibility artifacts in 42% of their studies in the region of the paranasal sinuses and 23% of their studies in the region of the larynx. Yoshino et al 13 reported that diffusion-weighted echo-planar MR imaging of the head and neck are liable to severe susceptibility artifacts because of the numerous air spaces within the head and neck, including sinonasal spaces, mastoid air cells, and aerodigestive tracts.
Our data demonstrated that the mean ADC values for residual or recurrent tumors were significantly lower (P Ͻ .001) than that for posttreatment changes. Residual or recurrent lesions appeared as areas of low signal intensity on the ADC map. On the other hand, posttreatment changes appeared as areas of high signal intensity on the ADC map. Using diffusion-weighted MR imaging, Baur et al 11 found a statistically significant difference in the degree of signal intensity reduction exhibited by posttreatment changes (more signal loss) as compared with residual or recurrent malignant tumors (less signal loss) of the musculoskeletal system. The differences in ADC values reflect the distinct difference in the histopathologic features and water proton distribution of tumors and posttreatment soft tissue changes. Malignant tumors have enlarged nuclei, hyperchromatism, and show hypercellularity. These histologic characteristics reduce the diffusion space of water protons in both the extracellular and intracellular dimensions with a resultant decrease in the ADCs. 7, 12 On the other hand, tissues with posttreatment changes show relatively low cellularity associated with variable degrees of edema and inflammatory reaction that are characterized by an increase of the interstitial water content, where less barriers for diffusion exist, with a subsequent increase in their ADCs. 7, 11 The results in this study showed a zone of overlap between the ADC values of the residual or recurrent lesions and posttreatment changes. If an ADC value of 1.3 ϫ 10 Ϫ3 mm 2 /s was chosen as a threshold value to differentiate between residual lesions and posttreatment changes, the best results would have been achieved with an overall accuracy of 87%, sensitivity of 84%, specificity of 90%, positive predictive value of 94%, and negative predictive value of 76%. Similarly, Hein et al 12 found a wide range of overlap between the mean ADC values for recurrent tumors and postradiation changes in the brain. Wang et al 7 reported that a threshold ADC value of 1.22 ϫ 10 Ϫ3 mm 2 /s for differentiating benign and malignant tumors of the head and neck has 87% accuracy, 84% sensitivity, 91% specificity, 93% positive predictive value, and 78% negative predictive value. Abdel Razek et al 20 reported that the mean ADC value of the viable and necrotic part of the head and neck tumor are 1.17 Ϯ 0.33 ϫ 10 Ϫ3 mm 2 /s and 2.11 Ϯ 0.58 ϫ 10 Ϫ3 mm 2 /s, respectively. False-negative and false-positive results were seen in 5 (17%) of our cases. All 5 of the cases showed mixed or intermediate (mildly low to mildly high) signal intensity on the corresponding ADC map. Two of these cases were residual lesions that showed a relatively high ADC value (range ϭ [1.40 Ϫ 1.65] ϫ 10 Ϫ3 mm 2 /s) and were falsely diagnosed as posttreatment changes. The mean ADC value obtained for nontreated head and neck cancers in other studies 7 was slightly lower than that in our study (1.13 ϫ 10 Ϫ3 mm 2 /s). The relatively high ADC values for residual lesions in our study could be due to the edema and small areas of liquefactive necrosis induced by radiation. Matzek et al 21 reported a statistically significant increase in the ADC value of squamous cell carcinoma of the oropharynx 10 days after radiation therapy (0.71 Ϯ 0.19 mm/s 2 before treatment versus 2.05 Ϯ 0.43 mm/s 2 after treatment). They attributed this increase to areas of micronecrosis and edema developing within the tumor. Another contributing factor for the increased ADC in our study could be the diverse pathologies in our study compared with the more homogenous pathology in the work of Wang et al. 7 The remaining 3 cases were posttreatment changes that showed a relatively low ADC value (range ϭ [1.10 Ϫ 1.60] ϫ 10 Ϫ3 mm 2 /s) and were falsely mistaken for tumor residual or recurrence. Retrospective analysis revealed that these patients received radiation therapy more than a year before. Nomayr et al 15 reported that during the first 6 months after radiation therapy, the dominant postradiation changes include edema, active fibrous-inflammatory reaction, and increased vascular permeability due to endothelial damage. Later (6 -24 months after radiation), these changes will show gradual regression, and the dominant reaction will be attenuated fibrous reaction with restriction of water diffusion. Hein et al 12 added that the different contributions of different components, such as necrosis, fibrous scar tissue, and granulation tissue to the ADC after therapy, have not been determined thus far in absolute values. This could explain the great variability of ADCs found among our patients with posttreatment changes and account for the relatively low ADC values found in 4 of these patients.
The proper choice of areas of sampling for calculation of ADC values is a very important factor to reduce false results. Precautions during ADC measurement include the following: all areas of gross necrosis should be excluded from the sample (ROI), a freehand-drawn ROI should be used if possible, and, finally, multiple ROIs with a mean value should be tried if the lesion shows significant signal intensity heterogeneity. However, volume averaging and areas of micronecrosis cannot be avoided during ADC measurements and will continue to be a source of sampling error.
Recurrent disease can be within ipsilateral or contralateral nodes. 22 Two of our patients with recurrent squamous cell carcinoma of the nasopharynx and oropharynx showed enlarged ipsilateral cervical lymph nodes. The enlarged lymph nodes showed a low ADC value (1.05 Ϯ 0.20 ϫ 10 Ϫ3 mm 2 /s), close to that of the primary lesion (1.20 Ϯ 0.22 ϫ 10 Ϫ3 mm 2 / s), denoting the metastatic nature of these nodes. It is plausible that the cellularity of metastatic cancer in the nodes might not differ greatly from that of the primary lesion, which is the case in our study. Sumi et al 14 showed that ADC calculated on diffusion-weighted MR images successfully discriminated metastatic lymph nodes in the neck from benign reactive lymphadenopathy. The ADC value calculated for metastatic lymph nodes in the work of Sumi et al 14 (0.410 Ϯ 0.105 ϫ 10 Ϫ3 mm 2 /s) was much lower than that in our study. However, this could be due to the difference in the diffusion factor, factor b, used in both studies.
Bone marrow displays variable patterns of signal intensity depending on the proportion of fat cells and cellular marrow present. Signal intensity characteristics of hematopoietic marrow on different pulse sequences are not specific and may be difficult to distinguish from those of neoplastic or other diseases. So, biopsy is often necessary to establish a definite diagnosis. 10 In this study, diffusion-weighted images delineated the extent of bone marrow infiltration of the skull base and greater wing of sphenoid in 1 patient with recurrent adenoid cystic carcinoma of the maxillary sinus much better than the routine MR images. Tumor infiltration appeared as areas of low signal intensity on the ADC map with a low ADC value.
One important limitation in this study was the heterogeneity of the patient population. A large number of lesions with different locations, pathologic conditions, type of treatment, and duration between imaging and treatment were included in our study to obtain data that could be analyzed statistically; however, this was at the expense of the homogeneity of our results, which makes generalization difficult. However, we think that the location of the lesion might not have had significant impact on the ADC value. Although standardization of duration after treatment might have a theoretic impact on results, it is difficult and does not appear to be practical. Difference in pathology and type of treatment would definitely affect the ADC value, because tumors with high cellularity are expected to have low ADC values, whereas those with low cellularity are expected to have high ADC values. On the other hand, postsurgical changes with edema and/or fibrosis would have a different ADC value than postradiation changes with edema and/or necrosis. Further studies that include more homogenous study samples are required to further address the impact of these variables on the ADC value.
Conclusions
Diffusion-weighted MR imaging with ADC measurement has promising results for differentiating residual or recurrent head and neck tumors from postoperative or postradiation changes. It has better results than conventional MR imaging. ADC value can be used a guide for tissue sampling. The technique has very short scanning time and adds no extra cost to patients who are already undergoing MR imaging. It can be used for follow-up of these patients after treatment.
